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Abstract
It has been widely thought that the wave function describes a real,
physical field in a realist interpretation of quantum mechanics. In this
paper, I present a new analysis of the field ontology for the wave func-
tion. First, I argue that the non-existence of self-interactions for a
quantum system such as an electron poses a puzzle for the field ontol-
ogists. If the wave function represents a physical field, then it seems
odd that there are (electromagnetic and gravitational) interactions be-
tween the fields of two electrons but no interactions between two parts
of the field of an electron. Next, I argue that the three solutions a field
ontologist may provide are not fully satisfactory. Finally, I propose a
solution of this puzzle that leads to a particle ontological interpretation
of the wave function.
1 Introduction
The field ontology for the wave function has been a popular position among
philosophers of physics (Ney and Albert, 2013). For example, in Bohm’s
theory, the wave function may be regarded as either a real, physical field
in a fundamental high-dimensional space (Bell, 1987, p.128; Albert, 1996,
2013, 2015), or a multi-field in three-dimensional space (Forrest, 1988, ch.5;
Belot, 2012; Hubert and Romano, 2018). The former is usually called wave
function realism. There are also other similar field ontologies of quantum
mechanics. For example, in Everett’s theory, spacetime state realism has
been proposed (Wallace and Timpson, 2010; Wallace, 2012, ch.8; Swan-
son, 2018). According to this view, the fundamental ontology of quantum
mechanics consists of a state-valued field evolving in four-dimensional space-
time. Besides, in collapse theories, the mass density ontology is a popular
view (Ghirardi, Grassi and Benatti, 1995; Ghirardi, 1997, 2016; Allori et al,
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2008, 2014). According to this view, “what the theory is about, what is real
‘out there’ at a given space point x, is just a field, i.e. a variable m(x, t)
given by the expectation value of the mass density operator M(x) at x.”
(Ghirardi, 2016).
There have been a few obections to the field ontologies of quantum me-
chanics, such as the objections to wave function realism (Monton, 2002,
2006, 2013; Lewis, 2004, 2013, 2016; Maudlin, 2013; Gao, 2017, ch.7, Chen,
2017), the objections to spacetime state realism (Arntzenius, 2012, ch.3;
Baker, 2016; Ismael and Schaffer, 2016; Norsen, 2016), and the objections
to the mass density ontology (Myvold, 2018). In this paper, I will present
a new analysis of the field ontology for the wave function. First, I will ar-
gue that the non-existence of self-interactions for a quantum system such
as an electron poses a puzzle for the field ontologists. If the wave function
represents a physical field, then it seems odd that there are (electromag-
netic and gravitational) interactions between the fields of two electrons but
no interactions between two parts of the field of an electron.1 Next, I will
argue that the three solutions a field ontologist may provide are not fully
satisfactory. Finally, I will propose a solution of this puzzle which leads to
a particle ontological interpretation of the wave function.
2 The puzzle
Consider two electrons being in a product state at an initial instant. The
wave function of electron A is ψ(x) = 1√
2
[ψ1(x) + ψ2(x)], where ψ1(x)
and ψ2(x) are two normalized wave functions respectively localized in their
ground states in two small identical boxes 1 and 2. The wave function of
electron B is ψ(x) = 1√
2
[ϕ1(x) + ϕ2(x)], where ϕ1(x) and ϕ2(x) are two
normalized wave functions respectively localized in their ground states in
two small boxes 3 and 4 which are identical to the boxes 1 and 2.
If wave functions represent physical fields, then at the initial instant
there are four spatially separated fields: (1) the field of electron A in box
1, denoted by A1, which is represented by the wave function ψ1(x); (2) the
field of electron A in box 2, denoted by A2, which is represented by the wave
function ψ2(x); (3) the field of electron B in box 3, denoted by B1, which
is represented by the wave function ϕ1(x); and (4) the field of electron B
in box 4, denoted by B2, which is represented by the wave function ϕ2(x).
2
According to the Schro¨dinger equation, the fields of electron A, namely A1
and A2, will have (electromagnetic and gravitational) interactions with the
1I thank a referee of European Journal for Philosophy of Science for this precise ex-
pression of the puzzle.
2It has been argued that these fields have effective mass and charge distributions, which
can be measured by protective measurements (Aharonov and Vaidman, 1993; Aharonov,
Anandan and Vaidman, 1993; Gao, 2015, 2017).
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Figure 1: Four separated fields in four identical boxes
fields of electron B, namely B1 and B2, but A1 and A2, as well as B1 and
B2, have no interactions with each other, or the field of each electron has
no self-interactions.3
This seems to pose a puzzle for the field ontologists. The puzzle has
two aspects. First, if the fields of electrons A and B are in the same three-
dimensional space and the two electrons are identical in all aspects as usually
thought, then it seems that the field of one electron cannot distinguish be-
tween itself and the field of the other electron. In this case, it is impossible
that the field of one electron has interactions with the field of the other elec-
tron but has no self-interactions. This aspect of the puzzle may be called
distinguishability of the fields of identical particles. Second, even though the
field of one electron can distinguish between itself and the field of another
electron, the distinguishability alone does not explain the non-existence of
self-interactions. It is natural to expect that if the field of one electron
has (electromagnetic and gravitational) interactions with the field of an-
other electron, then it will also have (electromagnetic and gravitational)
self-interactions. This aspect of the puzzle may be called non-existence of
self-interactions. In the following, I will discuss three possible solutions of
this puzzle a field ontologist may provide.
3 Three solutions
3.1 Laws without explanations
A natural defense strategy for the field ontologists seems to be appealing
to the fundamentality of the Schro¨dinger equation in quantum mechanics.
Concretely speaking, the strategy is to appeal to the form of the Schro¨dinger
3Note that the wave function of the two electrons will be still a product state during a
protective interaction between them (Aharonov and Vaidman, 1993; Aharonov, Anandan
and Vaidman, 1993; Gao, 2015, 2017).
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equation and say that it tells us that the field ontology has to behave in such
a way without certain self-interactions, while the equation is what it is and
no further explanation is needed.
Indeed, if we take the Schro¨dinger equation as a fundamental law (in the
case of the field interpretation of the wave function in the non-relativistic
domain), then it will be not obvious that we need to explain the form of
the equation. Fundamental laws of nature are supposed to be at the ground
floor of explanations, and they are where explanations start. In other words,
fundamental laws explain other facts and they themselves are not to be
explained further.
However, this solution seems unsatisfactory for two reasons. First, it
can be argued that the puzzle cannot be dissolved by appealing only to
the Schro¨dinger equation. It is not that the Schro¨dinger equation itself
has some puzzling features, but that the field ontology has some puzzling
features when the dynamics for the fields is described by the Schro¨dinger
equation, such as the distinguishability of the fields of identical particles.
The field ontology seems to imply that the fields of identical particles are
indistinguishable. But the dynamics for the fields, namely the Schro¨dinger
equation says that these fields should be distinguishable, since according
to the equation the field of one electron has interactions with the field of
another electron but has no self-interactions. Thus, the field ontology needs
to explain how the fields of identical particles can be distinguished; otherwise
the proposal is at least incomplete.
The second reason is a general consideration. Since the Schro¨dinger
equation is a dynamics for the ontology (when assuming a realist view), it is
natural to expect that the form of the equation says something about what
the ontology is. Different ontologies usually have different forms of dynam-
ics after all. For example, Newtonian equations and Maxwell equations are
different, and they are dynamics for two different ontologies, classical par-
ticles and classical fields, respectively. Thus, if the field ontology for the
wave function has puzzling features that cannot be explained in a satisfac-
tory way, then this might suggest that the ontology for the wave function
is not fields. This makes a more careful analysis of these puzzling features
necessary and even pressing.
3.2 Fields on a high-dimensional space
Wave function realism provides a possible way to distinguish the fields of
identical particles. According to this view, the wave function of N -body sys-
tem is a real physical field on a fundamental 3N -dimensional space (Albert,
1996, 2013, 2015). Then, there will be an ontological difference between
the fields belonging to different electrons: the fields of different electrons
(which are part of one universal field) live in different dimensions/subspaces
of the 3N -dimensional space. For the product state of the electrons A and
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B, 12 [ψ1(xA) + ψ2(xA)][ϕ1(xB) + ϕ2(xB)], xA and xB are 3-dimensional co-
ordinates of a different subspace of the fundamental 3N -dimensional space.
Thus, the field of electron A can distinguish between itself and the field of
electron B in principle by identifying which subspace it lives in.
However, although wave function realism may explain the distinguisha-
bility of the fields of identical particles such as electrons, it does not provide
an explanation of the non-existence of self-interactions. Even worse, it seems
that this view further increases the difficulty to explain why the fields of dif-
ferent electrons (which live in different subspaces) have interactions, but the
field of the same electron (which lives in the same subspace) has no self-
interactions; it is arguable that living in different spaces will prevent, not
facilitate, interactions.
On the other hand, there have been plausible arguments supporting that
the 3N -dimensional space is actually an N×3-dimensional space, where the
3-dimensional coordinates of different electrons are the same three dimen-
sions (Monton, 2002, 2006, 2013; Lewis, 2004, 2013, 2016; Gao, 2017; Chen,
2017; Allori, 2018). In particular, when the two electrons A and B are
in a product state in the above example, it seems obvious that their fields
are in the boxes in the same three-dimensional space. If these arguments
are indeed valid, then the fields of different particles will be in the same
three-dimensional space. In this case, the distinguishability of the fields of
identical particles is still in want of an explanation.
To sum up, wave function realism seems to provide only limited resources
to solve the above puzzle for the field ontologists. Even though it may
explain the distinguishability of the fields of identical particles by assuming
the existence of a fundamental high-dimensional space, it does not explain
why the field of each particle has no (electromagnetic and gravitational)
self-interactions.
3.3 Identical particles are not identical
In the following, I will discuss how to solve the puzzle in three-dimensional
space.
A possible solution of the puzzle is to assume that the field of each elec-
tron has an identity marker belonging only to it, and moreover, the fields
carrying different identity markers have interactions, while the fields carry-
ing the same identity marker have no interactions.4 Concretely speaking,
each electron has an identity marker belonging only to it. The wave function
corresponding to that electron (which the field ontologists take to be a real
physical field) carries that identity marker with it wherever it goes. Further-
more, any potentials that the wave function generates (or whatever fields
propagate from this field) also carry the same identity marker. Moreover,
4I thank a referee of European Journal for Philosophy of Science for this insightful
proposal.
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it is assumed that wave functions are affected by potentials bearing identity
markers belonging to different electrons, while there is no effect when a wave
function carrying a certain identity marker encounters a potential bearing
the same identity marker.
This proposal seems to provide a better solution of the puzzle of field
ontology. However, it also has several potential problems. First, adding
identity markers to electrons is inconsistent with our current understanding
of the indistinguishability of identical particles. It is a basic postulate of
modern physics that particles of the same type such as electrons are funda-
mentally indistinguishable from each other. For example, all electrons have
identical physical properties: the same mass, same charge, same total spin,
etc. Moreover, the indistinguishability of identical particles imposes a strong
constraint on the form of the multi-particle wave functions: fermions such
as electrons always have antisymmetric states, while bosons such as photons
always have symmetric states. Although the existence of identity markers is
not inconsistent with experience and these forms of the multi-particle wave
functions (since these identity markers are unobservable and not described
by the wave functions), it seems better not to violate the indistinguishability
of identical particles at the fundamental level.
Next, although adding identity markers to electrons can explain the first
aspect of the above puzzle, namely the distinguishability of the fields of
identical particles, it does not provide an explanation for the second aspect
of the puzzle, namely the non-existence of self-interactions. Why do fields
carrying the same identity marker have no interactions? No answer is pro-
vided by the above solution. In this sense, the solution, like wave function
realism, is at least incomplete unless it also includes a further explanation
for the absence of self-interactions.
Finally, the above solution cannot explain the absence of interactions
between different branches of an entangled state of many particles. Consider
a spatially entangled state of the electrons A and B: 1√
2
[ψ1(xA)ϕ1(xB) +
ψ2(xA)ϕ2(xB)]. For this state, there are still four fields in the four boxes: A1
in box 1, A2 in box 2, B1 in box 3, and B2 in box 4 (see Figure 1). According
to the Schro¨dinger equation, the fields A1 and B1 have (electromagnetic and
gravitational) interactions, and the fields A2 and B2 have (electromagnetic
and gravitational) interactions, but the fields A1 and A2, as well as the fields
A1 and B2, have no interactions, and the fields B1 and B2, as well as the
fields B1 and A2, have no interactions. Thus, in this case, not only the fields
carrying the same identity marker have no interactions, but also the fields
carrying different identity markers may have no interactions either. This
cannot be explained by the above solution.
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4 The puzzle reconsidered
The above analysis leads us to a more essential aspect of the puzzle, namely
that the fields in different (product state) branches of a spatially entangled
state have no interactions, no matter these fields belong to the same particle
or different particles. Obviously, adding identity markers to each particle
cannot solve the puzzle. In the final analysis, the fields in different branches
should be distinguishable at each point in space, so that they can be affected
differently by the potentials at the point in different branches; when the
potential is in the same branch as the field, the field is affected by the
potential, while when the potential and the field are in different branches
there is no effect.
One might think that the puzzle may be solved in a similar way by adding
identity markers to each branch of a spatially entangled superposition. But
this solution seems to face more serious challenges. First, a spatially en-
tangled superposition can be decomposed of infinitely many branches such
as product states of position eigenstates of particles. Thus we need to add
infinitely many identity markers to the theory. Moreover, since a superposi-
tion can be decomposed with respect to infinitely many different bases, we
actually need to add infinitely many different sets of identity markers to the
theory. If these identity markers are not represented by known quantities in
the theory, then this will make the revised theory very clumsy and unnatu-
ral. Next, when the branches of a superposition are created or annihilated
during the time evolution of the superposition, we also need to add an ad-
ditional dynamics to the theory, which is responsible for the assignment of
identity markers. It is unclear what the dynamics is and whether it can
assume a unique and simple form.
Third, even though all these can be done, we still need to explain why the
interactions between the fields in different branches of a spatially entangled
state is screened or prevented and what the role of these identity markers is in
this process. Note that the preventing mechanism applies to all interactions
including both electromagnetic and gravitational interactions, although the
nature of these interactions may be different. Only if all these problems can
be solved in a satisfactory way, can we say that the puzzle has been solved
for the field ontology.
5 A particle ontological way out
Although we cannot exclude the possibility that the field ontologists may
find a satisfactory way to solve the puzzle, the above analysis does suggest
that we had better have a look at other possible ontologies. Maybe what the
puzzle tries to tell us is that the ontology for the wave function is not fields.
In the following, I will argue that the puzzle may be solved by a particle
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ontological interpretation of the wave function.
As noted above, the puzzle is essentially composed of two parts: (1) the
distinguishability of fields and potentials in different branches; and (2) the
non-existence of influences of potentials on fields when they are in different
branches. My suggested solution of this puzzle is to assume that when fields
and potentials are in the same branch at a point in space, they exist there
simultaneously, while when fields and potentials are in different branches at
a point in space, they exist there at different instants in continuous time.
Here is why this solution solves the puzzle. When fields and potentials
in different branches exist at any point in space at different instants, they
can be distinguished by the instants at which they exist at the point. This
also means that the set of instants at which fields and potentials exist at a
point in space in a branch may be regarded as their identity markers related
to the branch. This explains the first part of the puzzle. Furthermore, since
the fields and potentials in different branches do not exist simultaneously at
any point in space, the fields are not affected by the potentials when they
are in different branches. This explains the second part of the puzzle.
It is worth noting that this solution also works when the potentials
(which dissipate instantaneously from a field are replaced by the fields prop-
agating with the speed of light from this field (which mediate the interac-
tions), since it concerns only the influences of the potentials or the interac-
tion mediating fields on the fields at each point in space. This means that
the solution is valid in both non-relativistic and relativistic domains.
Since each wave function can be decomposed of a superposition of po-
sition eigenstates, and according to the above solution, the supposed field
is required to exist at different instants in any different branches, namely
any different positions in this case, there is no continuous field spreading
throughout space, but only a point-like entity or discrete particle being in
a position at any instant, and its motion during an arbitrarily small time
interval generates the effective field represented by the wave function of the
particle.
This will lead to a particle ontological interpretation of the wave function
(Gao, 2017). Here the concept of particle is used in its usual sense. A
particle is a small localized object with mass and charge, and it is only in
one position in space at each instant. A few authors have suggested that
the wave function represents a property of particles in three-dimensional
space (see e.g. Monton, 2013; Lewis, 2013, 2016). But they do not give a
concrete ontological picture of these particles in space and time and specify
what property the property is. According to Gao’s (2017) interpretation,
an electron is a point-like particle, and the wave function of an electron is
a description of the state of its motion, which is random and discontinuous
in nature, and in particular, the modulus squared of the wave function
gives the probability density that the electron appears in every possible
position in space. At a deeper level, the wave function may be regarded as
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a description of the propensity property of the electron that determines its
random discontinuous motion (RDM).
Figure 2: A particle ontological interpretation of the wave function
Here is a more detailed introduction of Gao’s particle ontological inter-
pretation of the wave function. Consider the state of one-dimensional RDM
of a particle in finite intervals ∆t and ∆x around a space-time point (ti,xj)
as shown in Figure 2. The positions of the particle form a random, discon-
tinuous trajectory in this square region. We study the projection of this
trajectory in the t-axis, which is a dense instant set in the time interval ∆t.
Let W be the discontinuous trajectory of the particle and Q be the square
region [xj , xj + ∆x]× [ti, ti + ∆t]. The dense instant set can be denoted by
pit(W ∩ Q) ∈ <, where pit is the projection on the t-axis. According to the
measure theory, we can define the Lebesgue measure:
M∆x,∆t(xj , ti) =
∫
pit(W∩Q)∈<
dt. (1)
Since the sum of the measures of the dense instant sets in the time interval
∆t for all xj is equal to the length of the continuous time interval ∆t, we
have: ∑
j
M∆x,∆t(xj , ti) = ∆t. (2)
Then we can define the measure density as follows:
ρ(x, t) = lim
∆x,∆t→0
M∆x,∆t(x, t)/(∆x ·∆t). (3)
ρ(x, t) may be called position measure density or position density in brief.
This quantity provides a strict description of the position distribution of the
particle in an infinitesimal space interval dx around position x during an
infinitesimal interval dt around instant t, and it satisfies the normalization
relation
∫ +∞
−∞ ρ(x, t)dx = 1 by (2). Since the position density ρ(x, t) changes
with time in general, we may further define the position flux density j(x, t)
through the relation j(x, t) = ρ(x, t)v(x, t), where v(x, t) is the velocity of
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the local position density.5 It describes the change rate of the position
density. Due to the conservation of measure, ρ(x, t) and j(x, t) satisfy the
continuity equation:
∂ρ(x, t)
∂t
+
∂j(x, t)
∂x
= 0. (4)
The position density ρ(x, t) and position flux density j(x, t) provide a com-
plete description of the state of RDM of a particle.
This description of the motion of a particle can be extended to the mo-
tion of many particles. At each instant a quantum system of N particles
can be represented by a point in an 3N -dimensional configuration space.
During an arbitrarily short time interval or an infinitesimal time interval
around each instant, these particles perform random discontinuous motion
in three-dimensional space, and correspondingly, this point performs ran-
dom discontinuous motion in the configuration space. Then, similar to the
single particle case, the state of the system can be described by the position
density ρ(x1, x2, ...xN , t) and position flux density j(x1, x2, ...xN , t) defined
in the configuration space. There is also the relation ρ(x1, x2, ...xN , t) =
%(x1, x2, ...xN , t), where %(x1, x2, ...xN , t) is the probability density that par-
ticle 1 appears in position x1 and particle 2 appears in position x2 ... and
particle N appears in position xN . When these N particles are indepen-
dent with each other, the position density can be reduced to the direct
product of the position density for each particle, namely ρ(x1, x2, ...xN , t) =∏N
i=1 ρ(xi, t).
Although the motion of particles is essentially discontinuous and ran-
dom, the discontinuity and randomness of motion are absorbed into the state
of motion, which is defined during an infinitesimal time interval around a
given instant and described by the position density and position flux density.
Therefore, the evolution of the state of RDM of particles may obey a deter-
ministic continuous equation. By assuming the nonrelativistic equation of
RDM is the Schro¨dinger equation and considering the form of the resulting
continuity equation,6 we can obtain the relationship between the position
density ρ(x, t), position flux density j(x, t) and the wave function ψ(x, t).
ρ(x, t) and j(x, t) can be expressed by ψ(x, t) as follows:
ρ(x, t) = |ψ(x, t)|2, (5)
5Here it may be worth emphasizing that v(x, t) does not refer to the actual velocity
of particles, which is infinite. This is in notable contrast to Bohm’s theory, where v(x, t)
determines the actual velocity of particles moving along continuous trajectories.
6It is also possible that the random motion of particles may affect the time evolution
of the wave function and the Schro¨dinger equation is replaced with a revised Schro¨dinger
equation with a stochastic evolution term describing the RDM as a stochastic process.
This will lead to collapse theories (see Gao, 2017 for more details).
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j(x, t) =
~
2mi
[ψ∗(x, t)
∂ψ(x, t)
∂x
− ψ(x, t)∂ψ
∗(x, t)
∂x
]. (6)
Correspondingly, the wave function ψ(x, t) can be uniquely expressed by
ρ(x, t) and j(x, t) or v(x, t) (except for an overall phase factor):
ψ(x, t) =
√
ρ(x, t)eim
∫ x
−∞ v(x
′,t)dx′/~. (7)
In this way, the wave function ψ(x, t) also provides a complete description of
the state of RDM of a particle. A similar one-to-one relationship between the
wave function and position density, position flux density also exists for RDM
of many particles. For the motion of many particles, the position density and
position flux density are defined in a 3N -dimensional configuration space,
and thus the many-particle wave function, which is composed of these two
quantities, also lives on the 3N -dimensional configuration space.
It is well known that there are several ways to understand objective
probability, such as frequentist, propensity, and best-system intepretations.
In the case of RDM of particles, the propensity interpretation seems more
appropriate. This means that the wave function in quantum mechanics
should be regarded not simply as a description of the state of RDM of
particles, but more suitably as a description of the instantaneous property
of the particles that determines their RDM at a deeper level. In particular,
the modulus squared of the wave function represents the propensity property
of the particles that determines the probability density that they appear in
every possible group of positions in space. In contrast, the position density
and position flux density, which are defined during an infinitesimal time
interval around a given instant, are only a description of the state of the
resulting RDM of particles, and they are determined by the wave function.
In this sense, we may say that the motion of particles is “guided” by their
wave function in a probabilistic way. Note that this interpretation is more
consistent with the theoretical formalism of quantum mechanics, in which
the wave function (and potentials) are usually evaluated at a single instant.
Now the question is: Can the RDM of particles explain the non-existence
of self-interactions for a quantum system such as an electron? The answer
is yes in the non-relativistic domain where quantum mechanics is valid. In
the non-relativistic domain, since the (electromagnetic and gravitational)
potentials of an electron dissipate from it instantaneously, the electron as
a particle being in a position at an instant never encounters the potentials
generated by it when it is in another position at another instant. In other
words, the electron and the potentials it generates do not exist simultane-
ously at any point in space. For example, when electron A moves between
the two boxes in Figure 1 and is in one box at an instant, it does not en-
counter the potentials generated by it when it is in the other box at another
instant. Then, similarly to solve the above puzzle, this explains why an
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electron has no self-interactions, e.g. why the two wavepackets of electron A
in the two boxes have no (electromagnetic and gravitational) interactions.
However, it seems that there is an issue in the relativistic domain where
quantum mechanics is replaced by quantum field theory. In the relativistic
domain, the (electromagnetic and gravitational) fields of an electron prop-
agate from it with the speed of light, and thus it seems possible that the
electron as a particle undergoing RDM may encounter the fields generated
by itself (see also Lazarovici, 2017). Then, why does this never happen so
that an electron is affected by the fields generated by it?7 In my view, we
need to resort to the dynamics such as interacting quantum field theory, ac-
cording to which such states are never formed. For example, the entangled
superposition of an electron in two boxes and its fields is always a superposi-
tion in which an electron in one box and the fields generated by it when it is
in the other box are in different branches. Then, the RDM of particles can
still provide an explanation of why the electron is not affected by its fields
at each point in space: it is because they do not exist there simultaneously.
6 Conclusions
It has been debated what the ontological content of quantum mechanics is.
The field ontology is still a popular position among philosophers of physics.
In this paper, I present a new analysis of the field ontology for the wave
function. I argue that the non-existence of self-interactions for a quantum
system such as an electron poses a puzzle for the field ontologists, and the
three solutions they may provide are not fully satisfactory. Moreover, I also
propose a solution of this puzzle in terms of particle ontology. Maybe it is
time for us to take particles seriously in quantum mechanics.
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